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I. INTRODUCTION 
When aerosols of metal salt solutions are Introduced Into 
appropriate flames, free atoms of most metallic elements are 
formed in sufficient abundance to allow their detection and 
quantitative determination, at solution concentrations of the 
order of parts per million, by atomic absorption, emission, or 
fluorescence techniques. As a consequence, simple combustion 
flames are now one of the mo^t useful devices available to the 
analytical chemist for the determination of trace elements in 
solution. Flames also enjoy a wide popularity as spectroscopic 
sources for the study of collisional and radiative processes. 
An accurate knowledge of flame temperatures is a pre­
requisite to the definitive understanding of flame reaction 
rates and propagation mechanisms, the disposition of various 
dissociation and ionization equilibria involving the natural 
flame species, and the processes involved in the atomlzation, 
excitation and ionization of flame additives. The need for 
high accuracy in flame temperature measurements is related to 
the fact that relevant quantities, such as kinetic rate con­
stants or populations of excited states, follow an exponential 
temperature dependence of the type 
P . C 
where P is some chemical or physical parameter, C is a con­
stant, E is an energy and k is Boltzmann's constant. Some 
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relative errors Introduced into P by small errors In the 
measured temperature dT calculated from the expression 
ÉE = dT 
P kT^ 
are summarized In Table 1 for a source at 3000°K. It Is seen, 
for example, that only a error In the temperature (which 
amounts to only an ~1.5^ error In the measurement) could give 
rise to a 30^ or greater error In P, depending on the energy 
term. At 2000°K, the error values would Increase by more than 
a factor of two. 
Table 1. Relative errors Introduced by small errors In 
measured temperatures 
(y X 100) at T = 3000°K 
Energy (cmT^) 10 20 
AT(K) 
30 40 50 
1000 0.2 0.3 0.5 0.6 0.8 
5000 0.8 1.6 2.4 3.2 4.0 
10000 1.6 3.2 4.8 6.4 8.0 
20000 3.2 6.4 9.6 12.8 16.0 
30000 4.8 9.6 14.4 19.2 24.0 
40000 6.4 12.8 19.2 25.6 32.0 
In spite of this need for accuracy. It Is not uncommon 
for Investigators to employ temperature measurements with 
apparent errors of + 50°K, + 100°K, or even + 200®K (1,2,3) as 
a basis for flame calculations and interpretations. The uncer­
tainties inherent In many of the published flame temperature 
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data can be traced to fundamental limitations in the method of 
measurement and/or to unjustified liberties taken in their 
execution. 
Spectroscopic techniques are commonly used for the meas­
urement of flame temperatures primarily because these methods 
do not disturb the combustion process. .Moreover, these tech­
niques may be the only applicable methods if the temperatures 
are high or if the flame system is inaccessible to probes. 
Among the various spectroscopic techniques, the line reversal 
(4-9), emission-absorption (10-14), slope (11,15-17), and 
two-line methods (2,18) are used most extensively. Tempera­
ture measurements performed by any of these techniques are 
subject to experimental and systematic errors, even if iso­
thermal flames with uniform concentrations of the spectro­
scopic thermometric species are considered. For actual 
flames, i.e., those possessing temperature and concentration 
gradients of the thermometric species, the temperature value 
measured, though it may be very precise, may not have real 
physical significance. The importance of the bias that these 
non-homogeneities may exert on the measured spectroscopic 
temperatures has received increasing attention, especially 
during the past 10 years, and several Important papers have 
been published (19-29) on the subject. However, several very 
important questions have not been answered definitively and 
many promising lines of Inquiry are open for additional 
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Investigations. The nature of these questions and lines of 
inquiry will become apparent as kc review the theoretical 
basis for the various techniques and identify existing gaps 
In our knowledge. 
5 
II. TEMPERATURE, THERMODYNAMIC EQUILIBRIUM, 
AND LOCAL THERMA.L EQUILIBRIUM 
In a strict sense, a temperature T may only be defined 
for systems In thermodynamic equilibrium. For the latter to 
exist, a unique value of T must be sufficient to describe (30): 
a) The velocity distribution function of all the parti­
cles according to Maxwell's equation. 
b) The population of the excited states according to 
Boltzmann's equation, 
c) The distribution of molecules and their dissociation 
products according to the mass action law of Guldberg and 
Waage. 
d) The distribution of atoms and their ionization 
products according to the Saha-Eggert*s equation. 
e) The distribution of the electromagnetic radiation 
field according to Planck's law. 
However, general thermodynamic equilibrium does not pre­
vail In flames (31.32,33). In the primary reaction zone of 
the flame, the gas molecules do not spend enough time to allow 
the equlpartltion of the chemical energy released by the oxi­
dation reactions among the various degrees of freedom. As the 
molecules enter the secondary reaction zone, the equilibration 
of the translational and rotational degrees of freedom Is 
established almost Immediately, but the vibrational and elec­
tronic degrees of freedom proceed more slowly and the lonlza-
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tlon and chemical equilibria may not be accomplished (31). 
Although the major stable flame species leave the primary 
reaction zone with concentrations not very different from 
their equilibrium values, the radicals usually enter the 
secondary reaction zone at supra-equllibrium concentrations. 
As a result of radical recombination reactions, more chemical 
energy Is released and a temperature gradient is established 
in the vertical axis. Turbulent or diffusive mixing of the 
flame gases with the surrounding atmosphere also contributes 
to a non-uniform distribution of temperature in the horizontal 
plane. 
The flame radiation cannot be deacribed by Planck's func­
tion because it is often transparent over large wavelength 
regions. Only the radiation field in a blackbody source 
follows Planck's distribution. Thus, radiation equilibrium 
may exist only in the central part of the flame and at the 
wavelength center of strong resonance lines. This lack of 
radiative equilibrium produces a depopulation of the upper 
energy levels with respect to the lower ones, because atoms 
and molecules are deexclted by emission of radiation and 
inelastic collisions but the excitation, since selfabsorptlon 
Is relatively small, occurs almost only by Inelastic colli­
sions. Nevertheless, the extent of this depopulation effect 
Is very small for most flames at atmospheric pressure because 
colllsional induced transitions are much more frequent than 
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radiative ones (4). 
Despite all of these deviations from thermodynamic equi­
librium, the very useful concept of local thermal equilibrium 
can be employed in flames (31). A system is in thermal equi­
librium when the distribution of the velocity of the particles 
and the population of their energy levels can be described by 
a single value of a temperature T. This concept can be ex­
tended to include situations where thermal equilibrium is 
established at each point in the flame but allowing the possi­
bility of different temperatures at different points. Thus, 
we may speak of a state of local thermal equilibrium charac­
terized by local temperatures. The state of local thermal 
equilibrium is reached when the rate at which the energy Is 
equlpartltloned over the different degrees of freedom is much 
faster than the rate of transport of heat, radiation and mass 
through the flame. 
In the discussion that follows we will limit ourselves to 
temperature measurements In flames characterized by a state of 
local thermal equilibrium. 
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III. THEORETICAL CONCEPTS 
A most desirable starting poi for a systematic evalua­
tion of spectroscopic temperature measurements of flames is a 
unifying discussion and development of theoretical concepts. 
In the theoretical discussion that follows, the basic theo­
retical principles of temperature measurements of completely 
uniform flames (with no temperature or concentration gradients 
of the thermometric species) by each of the four commonly 
used spectroscopic techniques will be presented. Although 
most of the thought processes and theoretical concepts appli­
cable to this idealized situation have been recorded in the 
literature, the following presentation of the theory allowed 
us to unify the nomenclature and notation, and to show the 
validity of each technique under idealized conditions. There 
have been only fragmentary and scattered accounts on the 
extension of the basic theory to the increasingly more compli­
cated but realistic situations, l,e., isothermal, non-homogene-
ous and non-Isothermal, non-homogeneous flames. The systematic 
development of the theory for these flames which follows the 
introductory treatment on uniform flames for each measurement 
technique constitutes a major contribution of this thesis. 
Flame emission and flame absorption play an important 
role in the four methods for temperature measurements under 
study. The quantity related to emission or absorption that is 
measured in the laboratory is radiance, the power per unit 
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solid angle per unit area. The general expressions for the 
emitted and absorbed radiances of a spectral source character­
ized by local thermal equilibrium are given by the solutions 
of the differential equation of radiative transfer (34), 
r N K(V) 
B(em) = J^vqp \p "q P(v))e ° (1) 
-J dx K(v) 
B(abs) = jAVqp dv B^(v,T^) (1 - e ° ) (2) 
where K(v) = (B^ n - B^^ n ) P(v) (3) 
c pq P qp q 
and I = length of the optical path. 
Aqp, Bqp and B^^ = spontaneous emission, induced emission 
and Induced absorption transition 
probability coefficients, 
n^, n^ = particle density in the upper and lower quantum 
states of the transition, 
P(v) = line shape function, 
B^( v,T^) = spectral radiance of a black body source at 
temperature T-y and frequency v, 
= brightness temperature of the source.^ 
The brightness temperature of a source is defined as the 
temperature at which a blackbody emits the same spectral 
radiance as the source, at a given wavelength (?)• 
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h = Planck constant, 
c = speed of light. 
The flame edge closest to the spectrometer Is considered 
as the origin of the coordinates. The expression 
^qp 
then describes the spectral radiance of a volume differential 
of length dx at a distance x from the origin. The factor 
-J*dx'K(V) 
e o 
represents the fraction of the energy lost to selfabsorption 
as the light travels towards the edge. P(v) is a normalized 
function which describes the shape of the line profile. This 
function is the same for emission and absorption In sources In 
local thermal equilibrium (34). The B coefficients are de­
fined in terms of intensity of Isotropic radiation (35)» 
A. The Line Reversal Method 
1. Uniform flame 
The most commonly used technique for measuring flame 
temperatures is based on equating the brightness temperature 
of a continuum source and the excitation temperature of the 
thermometrlc species in the flame, which may be either a 
natural flame molecule or an element Introduced into the flame. 
The principles of this technique have been described in a 
number of publications (4-9). The actual temperature measure­
ment is based on the optical "reversal" of the emission of an 
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appropriately selected spectral line by the continuum radia­
tion generated in a temperature calibrated source. At the 
"reversal point" the radiant energy emitted by the flame Is 
equal to the energy absorbed from the continuum. The reversal 
determination is generally achieved by scanning the selected 
spectral line past the exit slit of the spectrometer and com­
paring the recorded intensity at the line center and at the 
edges for various lamp currents, i.e. brightness temperatures 
of the lamp. No net emission or absorption of radiation 
should be observed at the reversal point. 
The flame temperature can be shown to be equal to the 
lamp brightness temperature at the reversal point In the 
following manner. At the reversal point, 
B(em) = B(abs) 
In a uniform flame, K(^) is independent of x and the 
integral In the exponents of Equations 1 and 2 can be eval­
uated directly. Thus, 
B(em) = \p "q (4) 
and 
B(abs) = javqp (v.T^) (l-eT*^^)^) (5) 
where Tj. stands for the brightness temperature of the continuum 
source at the reversal point. If Equation 4 Is Integrated with 
respect to x and the expression K(v) in Equation 3 Is substl-
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tuted, the value of B(eni) becomes 
B(em) = J dv lA" Aqp hv "q P(v) 
This equation can be simplified by the use of the rela­
tionships between the transition probability coefficients (7)» 
_ 8nhv3 ®qp _ S P 
®qp c3 ®pq Sq 
and the Boltzmann population distribution, 
^ = fa. e-(Eq-Ep)/kTf 
Hp gp 
where E^, and Ep.gp are the energies and degeneracies of 
the upper and lower quantum states, and is the flame tem­
perature. The resulting expression Is 
B(em) = r ^ dv ( c_ Snhv^ _1_) (l-e'^^^'^) 
qp c3 ^hv/kTf ^ 
where (Eq-Ep) has been substituted by hv. Since Planck's law 
is given by 
.b /  . .  \  r RTTVI V3 ___ 
Vt V/VT ^ 
then 
B(em) =J dVB^(v.Tf) (1-e"^^ (6) 
qp 
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If B(em) Is equal to B(abs) at the reversal point, then It Is 
apparent from Equations 5 and 6 that must equal Tf. Thus, 
the reversal method provides an accurate measurement of the 
flame temperature. 
The reversal method has the advantage of being a null 
method, and therefore enjoys the high precision and accuracy 
common to all null measurements. Temperatures measured with 
an accuracy of + 2°K at 2600°K by this technique have been 
reported in the literature (4). The method also has the 
advantages of not being affected by self-absorption, because 
the emission and absorption line profiles are affected in the 
same way for an isothermal flame. A third distinctive advan­
tage of the line reversal method is that transition probabil­
ity data are not required; these data are not known with the 
desired accuracy. The main disadvantage of the line reversal 
method Is the need for a reference light source, generally a 
tungsten lamp, which must be: a) accurately calibrated; and 
b) capable of radiating at a brightness temperature at least 
equal to the flame temperature, otherwise the reversal point 
would be unattainable. Thus, the highest flame temperature 
which can be measured by this technique is determined by the 
highest brightness temperature attainable In the reference 
light source. There is also a need to satisfy several optical 
requirements; a) the acceptance angle of the spectrometer 
must be completely filled by continuum radiation, b) no flame 
radiation should be reflected back into t> optical path by 
the tungsten lamp; and c) the error introduced by temperature 
gradients in the lamp filament should be minimized by per­
forming the measurement with the same emitting area observed 
for the lamp calibration. Any spectral line can be used for 
reversal measurements, but a relatively high optical depth^ 
is required experimentally to obtain good precision and 
accuracy. Consequently ground state transitions are gener­
ally employed. 
2. Isothermal flame with a non-homogeneous distribution of 
the thermometric species 
When the distribution of thermometric species is non-
homogeneous, the expressions relating to temperature measure­
ments understandably become more complex. For the sake of 
simplicity. In non-uniform flames the assumption will be made 
that the angle of acceptance is so small that any tempera­
ture or concentration distribution of the flame gases can be 
regarded as a function only of the axial length x. 
Equations 1 and 2, with the explicit recognition of the 
axial dependence of the concentration, become 
qp 
(7) 
^The optical depth Is defined as the product npf4 where 
f is the oscillator strength for the line (36). 
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r b K(v,x) 
B(abs) = I dv (v,T^) (1-e ° ) (8) 
AVqp 
The average value of n^, the number density of particles 
in the ground state, may be defined as 
_ _ Jcfx "o(%) _ "o(%) (5) 
J'dx ' 
o 
Following the same procedure as for a uniform flame and with 
the use of Equation 9. the following expressions are obtained: 
B(em) = J dv B^^(v,Tf) (l-e"^^'^) (10) 
B(abs) =J dv B^(v.T ) (1-e'^^^^^) (11) 
AVqp 
where K^v) = TT e B^p n^ e p(v) 
At the reversal point B(em) = B(abs) and consequently 
must be equal to T^. Thus, as long as the flame is isothermal, 
a non-homogeneous distribution of the thermometrlc species will 
not bias the flame temperature measurements. There are, how­
ever, very few Isothermal flames. When the thermometrlc 
species are Introduced Into or occur only in the central parts 
of shielded flames, an Isothermal environment may result if 
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the shielding indeed protects this flame from the temperature 
gradients at the edges. In most real flames, there is not 
only a non-isothermal distribution of temperature but a non-
homogeneous distribution of thermometrlc species as well. 
3. Non-isothermal flame with a non-homogeneous distribution 
of the thermometric species 
When the flame temperature is not constant along the 
optical path the equations Involved when self-absorption 
effects are not negligible become even more complex. This 
complexity arises because self-absorption in a non-isothermal 
source does not affect the emission and absorption line pro­
files in the same way (19). The extent of the difference 
depends on the specific line shape, which is determined by 
the convoluted effect of Doppler, colllslonal and natural 
broadening processes. Thus, calculations may be applied only 
to specific lines, as has been done by Sasaki for the sodium 
D line (19). The utility of applying a simplifying assump­
tion to this problem has not been generally recognized. If 
the tacit assumption Is made that self-absorption effects are 
negligible, a very useful expression may be derived In the 
following way: 
At very small values of K(v,x), 
-J dx' K(v,x') 
e ° 2 1 
and 
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-J dx K(v,x) £ 
(l-e ° ) ~ J dx K(v,x) 
o 
Consequently, Equations 7 and 8 can be written as 
jt 
B(em) = J dv J dx ( ^  A n (x) P(v)) 
" A V o ii-TT HP q qp " 
and 
B(abs) = J dv (v,T ) f dx K(v,x) 
" A V r J 
qp o 
Substituting the expressions for K( v,x) and and 
making use of the Boltznann distribution equation, 
r 1 So -En/kTfx) 
B(em) = dv J dx -=- A_^ hv n_(x) -â e P(^ ) 
o qp Eg 
r 3 -C 
B(abs) = J ^  dV (_c, 8nh%_, 1 ) F dx 
%p 4„ c3 Jo c 
kTp 
g -Ep/kT(x) g -Eq/M(x) 
<®pq "o(%) ^  ® -Bqp "ofx) ^  « > P(v) 
®o °o 
If the integration over the frequency is performed with 
V 2r Vo and the expressions for Aqp and B^p are substituted, 
then 
^ Bpq) hv^ ^  J dx no(x) e ^^\l2) 
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1.3) 
•' o 
At the reversal point these two expressions must be equal. 
Thus, simplifying 
/ -Ep/kT(x) -Eq/kT(x) 
( E--EpAT^ ' j^ta(n<,(x) e -no(=c)e ) = 
® (14) 
r i -E_/kT(x) 
J dx n ^ io(%) e 
o 
-E/kT(x) 
If the weighted average of the function e over 
the optical path Is defined as 
^ ^ -E/kT(x) 
^E/kT J ® 
= Jl (15) 
J dx n (x) 
"o ° 
It Is possible to define a very useful parameter, T, by the 
following relationship, 
-E/kT -E/kT 
e = e (l6) 
Thus, T represents the value of a parameter which sub-
—E/kT 
stltuted In the expression e , gives the weighted aver­
age value of this function over the optical path. Obviously, 
the value of T depends on the particular temperature profile 
and concentration distribution of the thermometrlc species 
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under consideration. Just as significant, substitution of 
different values of the excitation energy into Equations 15 
and 16 has shown that T is dependent on E as well. Thus, the 
notation will be used to recognize explicitly this 
important energy dependence. 
If Equations 1< and I6 are substituted into Equation 14, 
then 
r 1 (e-Sp/kT(Ep)_ 2-Bq/kT(Eq), ^  
Eq-Ep/kTr 
e -1 
Rearranging, 
^Ej^-Ep/kTr ^ Eq/kT(Eq) - Ep/kT(Ep) ^ 
or 
h:!:. ^  a?) 
An interesting result Is obtained when the lower energy 
level Is the ground state. Then Ep = 0 and Equation 1? re­
duces to 
Mj. kT(E^) 
or 
(18) 
It is important to realize that T(E) does not represent 
the weighted average or the average flame temperatures. They 
are given by 
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J dx T(x) 
r n  _  "  
•^average ^ 
' J dx 
and ^ 
_ "n(x) T(x) 
weighted average ~ J 
r dx no(x) 
Jo 
Thus, the result of a reversal measurement in a non-
isothermal flame, even when self-absorption is negligible, 
does not have real scientific value because the measurement 
does not represent the average or weighted average tempera­
tures of the flame. Instead the measured temperature is 
related to the values of and j, and therefore the 
"reversal temperature" depends on the excitation potentials 
of the upper and lower energy levels of the transition used 
for the measurement. 
Kadyshevich (20) has. In fact, shown that the average or 
weighted average flame temperatures are not obtained by re­
versal measurements. However, Kadyshevich apparently did not 
derive the appropriate theoretical expressions. He also 
stated that the reversal temperatures are wavelength depen­
dent and that at long wavelengths the reversal temperature 
would be equal to the average flame temperature. Equation 17 
clearly shows the dependence of the reversal measurement on 
the upper and lower energy levels of the spectral line used 
for the determination but not on the wavelength. Also, no 
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evidence was found to support the claim that reversal temper­
atures performed at long wavelengths yield the average flame 
temperature, 
Sasaki (19) also performed calculations to Illustrate 
the application of the reversal method to non-Isothermal 
flames. His results showed the dependence of the reversal 
temperature on the optical depth of the thermometrlc species 
In the flame. He found an upper limit of the reversal tem­
perature for an optically thin flame and he derived an 
expression which can be shown to agree with ours once the 
definition of T is introduced. However, he failed to recog­
nize the dependence of the reversal measurement on the upper 
and lower energy levels of the spectral line employed for the 
measurement. 
B. Emission-Absorption Method 
1. Uniform flame 
In this method of temperature measurement the ratio of 
the flame emission and absorption for an appropriate spectral 
line is determined experimentally, and this information com­
bined with a knowledge of the brightness temperature of the 
continuum source allows the calculation of the flame tempera­
ture (10-14). In a uniform flame B(em)/B(abs) is given by 
the ratio of Equations 5 and 6 
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The value of v is essentially constant over the fre­
quency range, hence It can be set equal to v^, the frequency 
at the center of the spectral line. Consequently, 
Clearly, the flame temperature can be determined once 
the values of B(em)/B(abs) and are known. 
In general, the line reversal and the emission-absorp­
tion methods are very similar, with the same advantages and 
disadvantages. The main difference is that the emission-
absorption technique is not limited to the maximum brightness 
temperature of the continuum source. However, the precision 
and accuracy of the reversal method is much better because it 
is a null method, 
2. Isothermal flame with a non-homogèneous distribution of 
the thermometric species 
The ratio of B(em) and B(abs) given by Equations 10 and 
11, integrated over the frequency with v ^ yields the same 
result as for a uniform flame. 
Blabs) " „b 
B(em) _ By ("o.Tf) ^  
Bv (Vo.Tb) ° ^hVo/kTf 
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Therefore, this method retains its validity for this 
type of flame. 
3. Non-iBothermal flame with a non-homogeneous distribution 
of the thermometric species 
As in the reversal method, only the case when self 
absorption effects are negligible will be considered. 
Following the thought process employed for developing Equa­
tions 12 and 13; 
/ -Eq/kT(x) 
J dx no(x) e 
B(em) o 
® , 1 , -E /kT(x) -E /kT(x) 
' E^-EpATb ' ' 
e -1 
If the definition of T(E) is introduced, then 
Eq-Ep/kT^ 
B(em) e - 1 
The actual experimental measurement yields: 
5T5HT Eq-Ep/kT,^.^^, 
e - 1 
where Tgm-abg is the emission-absorption temperature. There­
fore, 
En-En E_ E, 
(19) 
q p a p 
KTem-abs MtEj kT(E-) 
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Thus, emission-absorption measurements give the same 
result as reversal measurements for non-Isothermal flames. 
Their dependence on the temperature and concentration grad­
ients in the flame, on the particular spectral line used and 
on its optical depth explains the variation of infrared 
emission-absorption temperature measurements in non-isothermal 
flames observed by Silverman (10) and Tourln and Krakow (27). 
C. The Slope Method 
1. Uniform flame 
The slope method is based on the measurement of inte­
grated line intensities for a number of transitions between 
different energy levels of the thermometrlc species In the 
absence of self absorption effects (11,15-17). When self-
absorption Is negligible Equation 1 reduces to 
B(em) = 1" dv J dl ( i A hv n.P(v)) 
%p o ' 
If the integrations are performed with v ~ v^, then 
S'®») = V »g ^ (20) 
This expression can be rearranged and the equation for a 
Boltzmann distribution substituted for n^. Thus, 
where n-, and Sn refer to the ground state. A plot of 
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ln(gqAqpVo/B(em))vs. using several spectral lines will 
yield a straight line with slope equal to l/kT^. The flame 
temperature is then determined by a measurement of the slope. 
The method has the advantage of not having limitations 
on the applicable temperature range. As only the measurement 
of the integrated emission intensity of several spectral lines 
is required, there is no need for any other spectroscopic 
source than the flame itself. However, a calibration of the 
response of the spectrometer with respect to wavelength is 
needed and consequently a calibrated lamp is required. The 
calibration is usually done at low temperatures where tung­
sten lamps are quite stable and the same lamp can be used over 
a long period of time. 
On the other hand, there are some conditions which must 
be satisfied. The emission intensity measurements must not 
be affected by self-absorption and should be proportional to 
the integrated line radiances. The spectral calibration 
factors must also be determined accurately and accurate rela­
tive transition probabilities must be available, 
2. Isothermal flame with a non-homogeneous distribution of 
the thermometric species 
The expression for B(em) with negligible self-absorption 
is now given by 
or 
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1 Sn -En/kTf 
B(en) = A^p hv^ e ,^dx n^tx) 
If the definition of n^ is used and the equation re­
arranged, then the following relationship is obtained, 
ln( gq -^qp ^O) = E /kT. -i- In ( ) (22) 
B(em) ^ I 
o 
The value of the slope will again be l/kT^. Therefore, 
the slope method retains its validity. 
3» Non-isothermal flame with a non-homogeneous distribution 
of the thermometric species 
If the definition of T(E) is introduced into Equation 
12, then 
B(em) = h y 
' ^o 
fi , 
SP o g O 
The integral can be replaced by Equation 9» to yield 
B(em) = X A,p fâ e i 
and after rearranging. 
In ( = _fa_ + i„( ^  ) (23) 
B(em) kT^g ^ h&nj 
This expression is very similar to Equations 21 and 22, but 
now the plot may not produce a straight line because the 
value of t(gq), being a function of the excitation potential, 
is not constant. It will be shown later that when the flame 
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Is not far from being isothermal and the range of excitation 
potentials is not too large, a reasonable straight line is 
obtained. However, even in this case, the value measured is 
T for this excitation potential range, and T may be quite 
different than the average flame temperature. Therefore, for 
a non-isothci-ijial flame, the slope method may not produce a 
straight line, and even when it does the slope will not yield 
the average fame temperature but rather the value of T in 
the range of excitation potentials employed. The actual 
expression for the "slope temperature" is given by equating 
the slope of the plot based on Equation 23 to l/kTg^Qpg, as 
previously done for isothermal flames. Thus, at a given 
value of the excitation potential E^, 
~ ( i 
q k't(E^) ^^slope( E q )  
In the Appendix A. this equation Is shown to yield 
rf 1 -EqATCX) 
J dx no(x) T(2) e 
kTslope " jV n„(x) 
o u 
This equation agrees with the expression previously de­
rived, in a different way, by Desal and Corcoran (24). 
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D, The Two Line Method 
1. Uniform flame 
The two line method Is really a special case of the 
slope method when the measurements are limited to two spec­
tral lines (2,18). There Is no need to have a temperature 
plot since from Equation 21 the following relationship Is 
obtained 
in( _ in( ^ o ) = falfil (25) 
B(em) B'(em) kT^ 
Thus, the flame temperature can be calculated by the use of 
Equation 25, Although the use of only two lines to determine 
the flame temperature Is simpler and faster than the use of 
several lines as required by the slope method, the uncertain­
ties in the result are larger because a small error in the 
intensity measurement or In the transition probability for 
one of the lines will greatly Influence the calculated value 
for the flame temperature, 
2. Isothermal flame with a non-homogeneous distribution of 
the thermometric species 
Equation 22 may be used to derive an expression identical 
to Equation 25. Therefore, the two line method gives again 
the value of the flame temperature. 
3. Non-isothermal flame with a non-homogeneous distribution 
of the thermometric species 
When applied to only two spectral lines. Equation 23 
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becomes 
ln( ) - ln( N'P' ""o ) 
kT(Eq) k*(Eq,) B(em) B'(em) 
The "Two line temperature" Is given then, by 
( 2 6 )  
^^two line 
If Equations 2? and 26 are compared, it is seen that the 
reversal and two-line techniques yield the same results if 
the excitation potentials of the spectral lines observed for 
the two-line method correspond to the upper and lower energy 
levels of the transition used for the reversal determination. 
Again, the result of the measurement is not the average flame 
temperature. Obviously, Eqi can never be equal to zero as In 
the reversal measurement (see Equation 18) so the value of T 
at some value of the energy cannot be measured by this method. 
The theoretical discussions above have clearly shown that 
spectroscopic temperatures measurements of non-Isothermal, 
non-homogeneous flames by the line reversal, emlsslon-absorp-
tlon, slope, or two-line methods, when self-absorption effects 
are negligible, yield results which depend on: (a) the meas­
urement method employed; (b) the energy of the quantum states 
Involved in the line producing transitlon(s); (c) the particu­
E. Conclusion 
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lar flame temperature gradient prevailing In the flame; and 
(d) the concentration distribution of the thermometric 
species. It was also emphasized that the results at these 
temperature measurements do not represent the average 
or weighted temperature average ) of the flame. Since 
a range of energy states may typically be involved in measure' 
ments on flames possessing a variety of temperature gradients 
and concentration distributions of the thermometric species. 
It is of Interest to inquire how these factors affect the 
degree of divergence of the measured temperatures from T(ave) 
or T/ \. These evaluations may be accomplished by gener-\W#&#} 
atlng sets of logical temperature gradients and concentration 
profiles of the thermometric species and solving the appro­
priate equations. These evaluations, to be presented In 
detail In a subsequent section, will show that the measured 
temperatures may diverge as much as 200 to 500®K from T^^ve) 
or a ) " ® degree of divergence which really is intoler­
able if the temperatures are to be used for definitive calcu­
lations of interesting flame equilibria and processes. 
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IV. FIA ME MODEL CALCULATIONS 
Several temperature and concentration profiles were gen­
erated by the use of the following equations: 
__ -a(x/d)2 
T(x) = 500 + 2500 cos( ® ) (27) 
2d N(a) 
rrv -e(x/d)2 
n-(x) = 1 + 9 9 9  cos( US ) ( e ) (28) 
° 2d NO) 
where d = £ / 2  and I is the length of the optical path, x 
assumes values from +d to -d, a and g are parameters which 
characterize each profile and N(a) and NO) are normalizing 
parameters so that < % (the same for g). There is 
no need to know absolute values of the concentration of the 
thermometric species in the ground state because T(g) depends 
only on the relative distribution of n^Cx) (see Equations 15 
and 16). The maximum and minimum value of the temperature 
(3000®K and 500°K) and the ratio of the maximum and minimum 
values of n^ (1000:1) are the same for all the profiles. 
These equations are similar to the ones used by Sasaki (19) to 
generate temperature and concentration distributions. 
Figure 1 shows 4 temperature profiles which correspond to 
the values of a = 0, 2, -1 and -5. These temperature profiles 
combined with identical (g = 0, 2, -1 and -5) concentration 
profiles provided 16 different theoretical flame models used 
in this study. Figures 2, 3 and 4 show the computer calculated 
Pig. 1. Temperature profiles 
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Pig. 3. Calculated T(E )»  and (In Kelvins) 
for a a 0 and g = 2 profiles 
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a = 
T(x) 
X 
E (cm-' ) 
• 4. Calculated T(e), Tave. ^w.a. Kelvins) 
for a = -1 and g = -1 profiles 
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values of T(gj at different values of the atomic energy 
states E for 3 realistic flame models. Similar results were 
found TOT all the combinations of temperature and concentra­
tion profiles. The value of was calculated by means of 
the equation 
e-E/rf(E) . (29) 
f dx no(x) 
'' o 
The T(x) and n^fx) terms were generated from Equations 2? 
and 23 respectively. The average and weighted average tem­
peratures, also indicated in the figures, were calculated 
using the following relationships; 
J dx T(x) 
T ave. - „i 
J 
and r ^  
J dx no(x) T(x) 
Tw.a. = 
f dx n (x) 
•ft o o
It is of Interest to note that the value T(2) assumes 
special significance at three levels of the energy. (1) In 
the limit as E 0, Equation 29 can be approximated by 
.j& 
"o(^) îfïï J - - • ^ 
^^(E) J dx n^(x) 
1 - E = 1 _ E 
o o' 
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simplifying, 
-A- = - ( - ) 
kT(E) k T 
or _ 
= ( ; ) 
?(E) T 
Thus, at very low values of the energy, Is given by 
1/(1/T), where (1/T) Is the weighted average of 1/T(x) over 
the optical path. (2) At high values of the energy E (around 
100,000 cm~^) approaches the maximum flame temperature 
because the only significant contributions to I.e. the 
only significant values of e-E/kT(x) Equation 29» arise 
from the highest temperature region, (3) Inspection of 
Figures 2 to 4 shows that the value of at E ~ 3000 cm"^ 
is the same as the weighted average value of the flame tem­
perature for the flame models and boundary conditions speci­
fied above. No proof has been found that this result can be 
generalized for all temperature and concentration profiles, 
and boundary conditions for these profiles. 
The significance smd implications of the data plotted in 
Figures 2, 3 and 4- will be examined in some detail. At the 
top of Tables 2, 3 and 4 are shown the calculated and 
Tw,a. for a flame possessing either an a = 0 or a = 1 temper­
ature profile, with = 3000°K and T^in = 500°K as boundary 
conditions and for either a g =0, p = 2, or 3 = -1 thermo-
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Table 2. Computer calculated temperatures for a flame model 
characterized by a a = 0 temperature distribution 
and a g = 0 concentration distribution 
a = 0 g = 0 
^average ~ 2092 T weighted average = 2463 
Eq - Ep (cm~^) "Temperature" 
40,000 - 0 2821 
30,000 - 0 2788 
20,000 - 0 2737 
10,000 - 0 2638 
40,000 - 30,000 2925 
30,000 - 20,000 2896 
20,000 - 10,000 2844 
Table 3» Computer calculated temperatures In a flame model 
characterized by a a = 0 temperature distribution 
and a P = 2 concentration distribution 
a = 0 P = 2 
^average ~ 2092 T weighted average = 2640 
Eq - Ep (cm""^) "Temperature" 
40,000 - 0 2858 
30,000 - 0 2835 
20,000 - 0 2800 
10,000 - 0 2736 
40,000 - 30,000 2929 
30,000 - 20,000 2908 
20,000 - 10,000 2867 
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Table 4. Computer calculated temperatures In a flame model 
characterized by a a = -1 temperature distribution 
and a g = -1 concentration distribution 
a = -1 P = -1 
^average ~ 2469 T weighted average = 2683 
Eq - Ep (om~^) "Temperature" 
40,000 - 0 2882 
30,000 - 0 2863 
20,000 - 0 2833 
10,000 - 0 2776 
40,000 - 30,000 2941 
30,000 - 20,000 2925 
20,000 - 10,000 2892 
metric species concentration profile, with max = 1000 and 
n^ min = 1 as boundary conditions. The remainder of the 
tables show "temperatures" calculated in accordance with 
Equations 17, 19 and 26 (which are in fact identical) for the 
line reversal, emission-absorption and two-line method. These 
temperatures would be determined if the measurements were made 
under conditions of negligible self-absorption and no system­
atic errors were Involved. It should be noted that in Tables 
2, 3 and 4, q and p denote, for reversal and emission-absorp-
tion measurements, the upper and lower energy levels of the 
transition used in the determination. For the two-line method, 
q and p refer to the upper energy levels of the two spectral 
lines employed in the measurement. If the concentration of 
the radiating species is increased until self-absorption is 
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no longer negligible, then the value of the reversal and 
emission-absorption temperatures will be lower, as illus­
trated by Sasaki (19) for reversal measurements. According 
to Kadyshevich (20) the average flame temperature would re­
sult from line reversal measurements at large wavelengths and 
at small concentrations of the radiating species. The calcu­
lations discussed above do not support this conclusion. 
Calculations by Desai and Corcoran (24) for plasmas 
and Hefferlin and Gearhart (21) for arcs have shown that the 
slope method yields a straight line even in a non-isothermal 
temperature source. The results obtained in this work for 
all the different flame models are in agreement with this 
conclusion. For example. Figure 5 shows the temperature plot 
for the a = 0, p =0 flame model in the energy range from 
10,000 cm"^ to 50,000 cm"^. The actual change of the slope 
is less than 3% and consequently no curvature Is present to 
Identify the flame as non-isothermal. 
Thus, it has been clearly shown that spectroscopic tem­
perature measurements of non-isothermal flames by the reversal, 
emission-absorption, slope and two-line techniques cannot lead 
to temperature values which have physical significance In an 
exact sense. The "temperature" values obtained by these 
techniques differ by several hundred degrees from the average 
or weighted average flame temperatures. Moreover, temperature 
measurements by the same technique but with different spectral 
41 
2940 
2925 
2896 
2844 
10000 20000 30000 40000 50000 
Eq {cm"' ) 
Fig. 5 Slope temperature plot for a = 0 and g = 0 profiles 
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lines differ by as much as 200°K. Therefore, any interpre­
tation that goes beyond the uncertainties illustrated in 
Figures 2 to 4 and Tables 2, 3 and 4 simply flatters the 
actual experimental situation. As these uncertainties can 
be as high as 900°K, it is doubtful that temperature measure­
ments in non-isothermal flames can be of definitive scien­
tific value. 
Since real flames are not Isothermal, spectroscopic 
flame temperature measurements are then useful only If (a) 
the thermometrlc species resides only In an Isothermal tem­
perature field; or (b) if Abel inversion techniques are 
employed to transform the experimentally determined lateral 
distribution of the spectral line radiances to their corres­
ponding radial distributions. 
Isothermal temperature fields may be obtained in shielded 
flames (37-^0), In which the thermometrlc species is intro­
duced exclusively into the central part of the flame and con­
sequently protected from the temperature gradients at the 
edges, or in flames In which the chemical environment Isolates 
the thermometrlc species to the central part of the flame, 
as in the interconal zone of fuel rich nitrous oxide or oxy-
acetylene flames (41,42). It is also possible to obtain a 
practically isothermal temperature field in flames charac­
terized by a long optical path, where the contributions from 
the flame edges are relatively small. Spectroscopic temper­
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ature measurements In flames of the latter type will be 
discussed In more detail in the next section. 
The Abel inversion techniques, its application to the 
unraveling of non-Isothermal temperature profiles for both 
symmetrical and asymmetrical sources, and the errors involved 
in the unraveling process have been described in several 
excellent articles (43-46). 
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V. EXISTENCE OF ISOTHERMAL TEMPERATURE FIELDS IN SOME FLAMES 
The theoretical concepts developed above have shown that 
If the reversal temperatures measured In a flame are not depen­
dent on; (a) the value of the upper and lower energy levels 
Involved In the line producing transition; and (b) on the opti­
cal depth, then, the flame behaves as and may be considered 
Isothermal and the temperature value measured will have physi­
cal significance. Actually, these considerations apply only 
to the flame region where the thermometric species exist. The 
observation of another thermometric species, which may occupy 
a different flame region, may not lead to the same results. 
Since there are no known flames that can be considered 
isothermal, it Is Important to inquire how closely the condi­
tion of Isothermallty for a specific thermometric species may 
be achieved In a given flame. The demonstrations that iso­
thermal fields nay be achieved in a flame would then allow 
the determination of useful physical parameters such as trans­
ition probabilities, optical cross-sections, dissociation 
energies, which otherwise could not be measured because a 
homogeneous temperature field, with an accurately known tem­
perature, Is needed. These isothermal environments have been 
obtained by the use of shielded flames In which the thermo­
metric species is introduced only Into the inner section of 
the flame. In this way, the temperature gradients at the 
flame edges do not affect the measurements (37-^0), There 
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have also been scattered observations in our laboratories 
that isothermal temperature fields are closely approximated 
by certain flame systems formed by the combustion of nearly 
laminar flows of premlxed gases on extended slot burners. 
Flames formed under these conditions possess a long optical 
path so that contributions from the temperature and thermo-
metric species concentration gradients of the ends of the 
flame are minimized. 
The remarkable growth in the analytical applications of 
flame atomic absorption spectroscopy and flame atomic emis­
sion spectroscopy has stimulated the development of several 
excellent flame-burner systems of this type. Since all of 
these burners were specifically designed for the safe intro­
duction of metal additives with the fuel-oxldant mixture, it 
is a very simple matter to inject selected metallic thermo-
metric species into the inner axial channel of these flames. 
The decree of isothermality achieved under these conditions 
may be experimentally determined by simply noting whether 
variations in the optical depth or in the excitation energies 
of the upper and lower energy levels involved in the line 
producing transitions affect the reversal temperature meas­
urements. The results of this experimental study are dis­
cussed below. 
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A. Selection of Flame and Burner 
The extensive use of N2Ù-C2H2 flames as absorption cells 
for atomic absorption spectroscopy and as emission excitation 
sources for emission spectroscopy has led to the design of 
slot-type burner systems which form exceptionally stable 
flames with long optical paths possessing the characteristics 
discussed above. The specific burner selected for this study 
has been described in detail (4?). The operating conditions 
for this burner are listed in Table 4. 
B, Selection of Thermometric Species said Spectral Lines 
Iron was selected as the thermometric species because: 
(a) its spectrum is formed by a large number of lines which 
facilitates the selection of the best ones for this study and 
(b) if an isothermal temperature field could, in fact, be 
demonstrated for iron atoms in this flame-burner system, then 
this system would provide an excellent opportunity to measure 
accurate relative transition probabilities for iron, which 
are needed for accurate temperature measurements by the slope 
and two-line methods. 
A selection of Iron spectral lines generated by properly 
separated upper and/or lower energy levels and also capable 
of providing a high optical depth at the flame had to be made. 
The last requirement was necessary in order to perform 
accurate reversal temperature measurements, because this tech­
nique is not very sensitive at low optical depths, and to 
4? 
provide a wide range of optical depths to check for reversal 
temperature variations. 
Since solution concentrations greater than one weight 
percent tend to Interfere with the proper functioning of the 
nebulizer-burner system, the lines selected must exhibit the 
desired optical depth at or below this concentration level. 
The characteristics discussed above were adequately provided 
by the three iron lines identified in Table 5« 
Table 5» Lines used for the study of the Fe temperature 
field and calculated reversal temperatures for 
different flame models 
o 
(A) Energy levels Temperatures (K) 
(cm~^) a=0,p=0 a=0,p=2 a=-l,p=-l 
3719.94 26875 - 0 2777 2826 2855 
3734.87 33695 - 6928 2865 2884 2905 
3737.13 27167 - 416 2786 2831 2861 
To illustrate the differences in reversal temperatures 
which would be measured with these three iron lines for 
typical non-isothermal flames under conditions of negligible 
self-absorption, calculations were performed by means of 
Equation 17 and the data shown in Figures 2, 3 and 4. The 
results are also shown in Table 5. It is important to note 
that the temperatures which would be measured by these three 
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lines differ as much as 89°K for the (a=0, P=0) model down 
to a difference of for the flame model (a=-l, p=-l), 
which is not far from being isothermal. 
C. Experimental Facilities and Procedures 
1. Apparatus 
The slot burner and the optical and electronic arrange­
ment employed in this study are shown in Figures 6 and ?. 
The experimental facilities and operating conditions are 
summarized in Table 6, 
The optical arrangement for the temperature measurements 
was set up to give a 1:1 image of the tungsten lamp and the 
flame on the spectrometer entrance slit. The entrance slit 
was restricted to a height of 1 mm. Under these conditions, 
the volume of gases observed consisted of slightly distorted 
cones with apexes at the center of the flame and with bases 
of approximately 7 mm In cross section at the edges of the 
flame. Thus, the optical measurements were restricted to a 
small cross section of the long flame. The burner provided 
an optical path of 7S mm. 
2. Techniques 
The reversal measurements were accomplished by parking 
the spectrometer on the spectral line of Interest and adjust­
ing the lamp current until no changes in Intensity were ob­
served when the thermometrlc species was nebulized Into the 
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Fig, 6, Cutaway view of long-path slot burner 
(A) End-cap assembly showing (a) nebulizer; 
(b) and (d) fuel port and auxiliary oxidant 
port; (c) drain pipe 
(B) Spray-premixlng chamber showing flow spoiler 
and blow-out plugs 
(C) Burner head showing tapered walls and cooling 
ducts 
(D) Burner racking assembly 
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Pig. 7. Block diagram of optical and experimental system 
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Table 6. Experimental facilities and operating conditions 
Burner 
Flame Gases 
Nebulizer input 
External optics 
Spectrometer 
Detector 
Detector power 
supply-
Amplifier 
Recorder 
Long path, slot burner (4?). Slot width 
0.25 mm 
Nitrous oxide 12,05 -^/min; acetylene 
5.40 4/mln 
3.75 ml/min 
5 cms diameter, plane convex, quartz 
lenses.Q l6.0 and 10.8 cms focal lengths 
at 546oa. The optical arrangement was 
set up to give a 1:1 image of the flame 
and tungsten lamp on the spectrometer 
entrance slit 
1.0 m Czerny Turner mount Jarrell Ash 
Model 78-^62 scanning spectrometer. 
Effective aperture, f/8.7.Q II80 grooves/ 
mm grating blazed for 2500A, R.l.d. 8.2 
A/mm in the first order 
EMI 6256B Photomultlpller, Spectral 
response type, 513. Approximate useful 
sensitivity range, I65OA-65OOA 
Model S-325-RM, New Jersey Electronic 
Corporation (500-2500v, 0-10 mA). 
Leeds and Northrup 9836-B mlcroammeter 
Leeds and Northrup Speedomax G Model S 
millivolt recorder 
Voltage regulator Superior Electric Company 1 KVA Stablllne 
automatic voltage regulator Model 1G5 101 
Readout System 
Primary source 
Pyrometer 
Infotronlcs Corp., Model CR8-8O Digital 
Readout System, Series No. 3564. Meas. 
interval (sec.) 12, Mode Linear. 
Westlnghouse type EDW-6V, ISA, tungsten 
strip filament lamp 
8641 Mark I Precision Automatic Optical 
Pyrometer, Leeds and Northrup Company. 
Specially calibrated with estimated uncer­
tainties of less than + 7°K in the temper­
ature range used (2000-3000°K) 
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flame. The reversal points were then related to the reversal 
temperatures through the brightness temperature calibration 
of the lamp. 
The lamp calibrations were determined as follows. 
Temperature measurements were first performed on tungsten 
strip lamps at several current levels by means of an accur­
ately calibrated optical pyrometer (see Table 6). This 
pyrometer had an estimated uncertainty in its calibration of 
less than + 7°K in the temperature range used (2000-3000°K). 
Since the pyrometer measured the brightness temperature of 
the lamp at 6450^, the actual temperature of the tungsten 
filament was calculated by means of the following equation, 
which is obtained by the use of Wien's law and the definition 
of the brightness temperature, 
—cg/XT'jj —Co/XT 
e = e(k,T) Tg(X) e (30) 
where C2 is the second radiation constant which Is equal to 
0.014388 according to the International Practical Temperature 
Scale of 1968, e(X,T) is the emlsslvlty of tungsten, Tg(X) Is 
the transmission of the glass envelope of the lamp, T is the 
temperature of the tungsten strip and X is the wavelength at 
o 
which the calibration measurement was performed (6450A), 
The values of c(X,T) were taken from de Vos (48) and the 
transmissions of the glass envelopes were measured In the 
laboratory. 
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The temperature of the tungsten filament at the reversal 
point was used to calculate the reversal temperature of the 
flame, i.e. the brightness temperature of the lamp at the 
flame and at the wavelength of the reversal measurement, by 
means of Equation 31 (similar to Equation 30): 
-cp/^Tb -cp/kT 
e = e ( k , T )  Tg(k) TA(X) e (31) 
where t^ (X.) is the transmission of the lens used to focus the 
lamp on the flame. 
Considerable care was taken to assure the accuracy of 
the reversal measurements. The angle of acceptance of the 
spectrometer was used as the limiting aperture and was com­
pletely filled by the continuum radiation from the calibrated 
lamp. A diaphragm was placed in front of the flame to reduce 
the incidence of stray light from the flame into the spectrom­
eter. The same area of the tungsten strip filament used for 
calibration purposes was also used for reversal measurements. 
The precision obtained with the system was less than 10°K. 
D. Results and Discussion 
It should be indicated that this study Is based essen­
tially on the observations of changes in reversal temperature 
measurements rather than In the determination of absolute tem­
perature values. The experimental data collected showed that 
neither the value of the energy levels of the spectral lines 
nor the concentration of the thermometrlc species (over a 
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20-fold range) affected the reversal temperature measurements 
beyond the experimental error of 10°K. Also, no changes in 
the temperatures were found when the lens closest to the 
spectrometer was masked to a diameter of only 3 mm, restric­
ting the optical measurements to an even smaller cross sec­
tion of the central part of the flame. 
Thus the Pe atoms indeed behaved as if they occupied an 
isothermal temperature field. The experimental data do not 
provide any definitive insight on the spatial distributions 
of the Pe atoms because as shown earlier in this thesis, 
reversal temperature measurements on a thermometrlc species 
which occupies an isothermal temperature field are not 
affected by concentration gradients in that field. 
The demonstration that the Pe atoms do reside in an 
isothermal temperature field in this flame presents an excel­
lent opportunity to employ this system for the precise 
measurement of some fundamental and useful physical proper­
ties of Pe, The determination of one of these properties -
the accurate relative transition probabilities for Pe spectral 
lines - will be discussed In the remainder of this thesis. 
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VI. PRESENT STATE OF KNOWLEDGE OF Fe 
ATOMIC TRANSITION PROBABILITIES 
The accuracy of temperature measurements by either the 
slope or two-line methods Is directly dependent on the accu­
racy of transition probability data for the line producing 
transitions. Accurate values for these fundamental properties 
of atoms are also essential in calculations of theoretical 
line profiles, for the quantitative assay of stellar atmos­
pheres, and for many other investigations. 
Transition probabilities may be calculated from the wave-
functions of the upper and lower energy states Involved in 
trie transition. Except for the simplest atoms, the required 
wavefunctlons are not well known and the values calculated 
from them are not reliable. Therefore, experimentally deter­
mined values are highly desirable, particularly for lines In 
complex spectra. 
The increasing interest in the field is well shown by 
the number of references given by N.B.8. compilations (49-51): 
approximately 600 papers published before 1962, 300 more by 
the beginning of 1966, and even 250 more by the end of 196?. 
Despite this effort, there are still large disagreements among 
published absolute transition probabilities. For spectro­
scopic temperature measurements, relative atomic transition 
probability values suffice, but even here there are intoler­
able differences in published values. 
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The observation that the Fe atoms released In a premlxed 
N2O-C2H2 flame burning on a long path, slot burner occupy a 
practically uniform temperature field, provided the opportun­
ity to assess the Importance of accurate relative transition 
probability data for precise temperature measurements. This 
assessment was based on the comparison of slope temperature 
values obtained for two groups of iron lines with the use of 
several sets of transition probability values published in 
the literature, 
A, Requirements for Accurate Temperature Measurements 
by the Slope Method 
In addition to the availability of accurate relative 
atomic transition probability data, several additional im­
portant experimental conditions must be satisfied. These 
requirements have not been generally recognized or fulfilled 
in many temperature measurements described in the published 
literature. First, integrated line radiances or quantities 
strictly proportional to these radiances must be measured. 
As it is well known, when the spectrometer is set at a given 
wavelength, the response obtained is not the spectral radiance 
at that particular wavelength but rather a sum of contribu­
tions from a given wavelength Interval called the band pass 
of the Instrument, The weight of each contribution determines 
a curve called the slit function (52). Slit function consld-
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erations Indicate that 3 different procedures may be used to 
measure integrated line radiances. The first one involves 
scanning the line and measuring the area under the curve. 
The result is independent of the slit function of the instru­
ment (7). The second procedure is based on using equal but 
very large entrance and exit slits, much larger than the line 
width, so that the slit function remains essentially constant 
in the wavelength region occupied by the line (7). In the 
third procedure exit slits larger than the entrance slit are 
used. Under these conditions, the image of the entrance slit 
falls entirely within the exit slit aperture and the signal 
detected, i.e. the measured intensity. Is then proportional to 
the integrated line radiance. For the temperature determina­
tions described below, the third procedure was used exclusive­
ly because the measurements are relatively simple and It Is 
easy to verify that the experimental requirements are met. 
When the exit slit is sufficiently larger than the entrance 
slit, a scan of the spectral line should produce a trapezoidal 
line shape, as shown in Figure 8 (52). A proper combination 
of entrance and exit slits should yield a trapezoidal line 
shape for all the spectral lines of Interest. Under these 
conditions, the photocurrent level observed at any point 
between a and b in Figure 8 constitutes the desired signal, 
which is proportional to the integrated line radiance. How­
ever, some problems may arise If the photomultlpller response 
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a b 
Fig. 8. Characteristic line shape or strip chart profile 
with the exit slit longer than the entrance slit 
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is not constant across the bandpass of the spectrometer. 
This situation was encountered In this research work and the 
problems Involved were illustrated In a rccent publication 
(53). 
When the exit slit of the spectrometer is larger than 
the entrance silt, the measured signals or line Intensities 
can be shown to be equal to 
meas 
I(em) = C(v) B(em) (32) 
where 
^meas 
C(v) = (cont) (33) 
AV B^(V„,TT) 
^Tem) the measured line intensity, I^cont) the signal 
detected when a calibrated tungsten lamp at a brightness tem­
perature is focused on the spectrometer entrance slit, Av 
is the bandpass of the instrument and C(v) is the spectrom­
eter calibration factor. These equations are derived in 
Appendix B. 
The spectrometer calibration factors were determined by 
means of tungsten lamp strips calibrated at our laboratory 
with a very accurate optical pyrometer. The bandpass of the 
instrument, at several wavelengths, was measured by scanning 
a spectral line and dividing the area under the curve by the 
peak intensity (see Appendix B). 
Assurance must also be provided that the measured inte-
6o 
grated line radiances are not affected by self-absorption 
effects. This assurance may most conveniently and decisively 
be obtained from "curve of growth" plots, which are plots of 
the logarithm of the integrated radiance of a spectral line 
vs. the logarithm of the optical depth (36). These curves 
are obtained experimentally by plotting the logarithm of the 
measured integrated line intensity vs. the logarithm of the 
solution concentration. Growth curves show several important 
features as illustrated in Figure 9. For low concentrations 
they follow a straight line of slope equal to one and for 
high concentrations a straight line with slope equal to 1/2. 
The form of the curve between these two regions depends on 
the particular line shape. The slope = 1 region corresponds 
to the range of optical depths, i.e. solution concentrations, 
for which self-absorption effects are negligible. Thus, if 
curve of growth data are collected for all of the lines of 
interest, the concentration levels corresponding to negligible 
self-absorption and maximal signal to noise ratios may be 
selected. In this way, different concentrations may have to 
be used for different spectral lines„ However, in order to 
produce the temperature plot Equation 21 requires a single 
value of n^, i.e. solution concentration, for all the spectral 
lines. Since self-absorption is abrent, the measured Inte­
grated line intensities are directly proportional to the 
solution concentrations. Therefore, all the measured line 
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^meas 
'9 ï(em) 
gog CONC. 
Fig. 9. Curve of growth 
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intensities can be easily normalized to a single solution 
concentration. 
B. Selection of Groups of Pe Lines 
The groups of Fe lines for observation were selected 
with care. Among the factors considered in the selection 
process were: (a) freedom of spectral interference from 
flame components; (b) maximal spread in excitation potentials 
to minimize the relative error in the measurement of the 
slope of the temperature plot; (c) sufficient spectral inten­
sity so that the solution concentrations required fell within 
the operating limits of the nebulizer-burner system; and (d) 
wavelength proximity, to avoid adjustments in the external 
optical system arising from the wavelength dependence of the 
focal length of the lenses. 
The primary set of nine Fe lines is shown in Table 7. 
A secondary set of eight lines was assembled to serve primar­
ily as a consistency check on the primary set. For the 
selection of lines in the secondary set, attention was also 
focused on their proclivity toward self-absorption. This 
selection was not done as a check on the freedom of self-
absorption under the experimental conditions employed in this 
study because this assurance was derived from curve of growth 
evolutions. Rather, the secondary set of lines should have 
been less subject to systematic errors from self-absorption 
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effects when their translation probabilities were measured by-
other investigators. The secondary set of lines is shown 
in Table 8; some of the lines in the primary set are included 
in the secondary group. 
Table ?. Nine line set 
Wavelength (^) Energy levels (cm~^) 
3608.86 35856 - 8155 
3618.77 35612 - 7986 
3631.46 35257 - 7728 
36^9.84 34782 - 7377 
3679.9; 27167 - 0 
3705.57 27395 - 4l6 
3699.71 26340 - 704 
3922.91 25900 - 416 
3930.30 26140 - 704 
Table 8. Eight line set 
Wavelength (A) Energy levels (cm~^) 
3476.70 29733 - 978 
3497.84 29469 - 888 
3608.86 35856 - 8155 
3618.77 35612 - 7986 
3631.46 35257 - 7728 
3647.84 34782 - 7377 
3906.48 26479 - 888 
3920.26 26479 - 978 
6 k  
C. Selection of Transition Probability Data 
There are several well known compilations of iron transi­
tion probability data. Relevant information on these com­
pilations is summarized in Table 9. All of these authors 
reported absolute values. 
Table 9. Compilations of Pe transition probabilities 
Investigators How obtained Identifi­
cation 
Corliss and Tech (5^) Average of zost 
reliable values 
CT 
Ling and King (55) Absorption in furnace KK 
Crosswhite (56) Plame emission 
measurements® 
C 
Corliss and 
Bozman (57) 
Arc emission 
measurements 
CB 
Valters and 
Startsev (58) 
Hook method VS 
few of Crosswhite's values were taken from KK. 
D. Experimental Pacilities and Procedures 
The experimental facilities and operating conditions 
were the same as those employed in the preceding section. 
The set of Pe solutions employed was prepared by dissolving 
pure Pe in HCl followed by dilution to the desired concentra­
tion with water. 
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Curves of growth were determined for each line of inter­
est and the best solution concentration for each one of them 
was selected. Then, the spectral line intensities were 
measured at these concentrations. The spectrometer calibra­
tion factors were also measured by means of calibrated tung­
sten strip lamps and Equation 31. 
A computer program was written to perform the necessary 
calculations to provide a straight line in the temperature 
plot with a least squares îit to the experimental data. The 
slope temperatures were also calculated by this program, 
E. Results and Discussion 
The result of temperature measurements by the slope 
method using the two groups of Pe lines and several published 
sets of transition probabilities is shown in Figure 10. The 
result of a reversal temperature measurement with the 
3719.94& Pe ground state line is also shown. The reversal 
temperature corresponds to the temperature experienced by the 
Pe atoms in this particular flame-burner system, as explained 
previously. 
A range of more than 120°K is shown when either group of 
Fe lines is employed with the 5 different sets of transition 
probabilities. A lack of self-consistency is also shown be­
cause a different temperature value is obtained for each group 
of lines even if the same set of transition probabilities is 
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3080°K 
3040° K 
3000°K 
2960®K 
2920°K 
2880°K 
TR -T -vs 
^CT 
-KK 
-hCB 
KK ^  
CB-
VS" 
- Tr 
8 LINE SET 
C^" 
CT-
9 LINE SET 
Fig. 10. Result of temperature measurements In a N2O-C2H2 
flame by the slope method using two groups of 
Pe lines and several published sets (see Table 9) 
of transition probabilities. The result of a 
reversal temperature measurement (Tjj) is also 
shown 
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employed. These uncertainties in the measurement of the 
flame temperature are Intolerable if accurate studies of 
flame processes and equilibria or measurements of important 
physical parameters are intended. 
The results of this study stress then the need for an 
accurate set of Pe relative transition probabilities to be 
used for temperature measurements by the slope method. The 
experimental determination of these useful parameters is 
considered in the next section. 
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VII. EXPERIMENTAL DETERMINATION OF ACCURATE RELATIVE 
TRANSITION PROBABILITIES FOR Fe 
Precise relative transition probabilities cam in prin­
ciple be measured if (a) the thermoisetrlc species reside only 
in an isothermal temperature field, (b) the temperature of 
this field is accurately determined by a technique which does 
not require of transition probability data, such as the 
reversal method, and (e) integrated line radiances or quanti­
ties strictly proportional to them are accurately measured 
under conditions of negligible self-absorption. Sections V 
and VI have shown that all of these requirements are met in 
our experimental system when Fe Is employed «s the thermo-
metrlc species. Thus, Fe relative transition probabilities 
were experimentally determined as follows. 
The Integrated radiance emitted by a spectral line under 
conditions of negligible self-absorption has been shown to be 
B(«m) = ^  Aqp I (20) 
Making use of the Boltzmann distribution equation, then 
B(em) » i A hv fa n ^ (34) 
W (IP ° So 
If accurate values for B(em), T^i A and n^ could be 
measured, then the absolute value of the transition probabil­
ity Aqp would be obtained. However, the value of n^ in the 
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flame Is not known and consequently, only relative values can 
be determined. If Equation 34 is applied to two spectral 
lines and the result rearranged, the following relationship 
Is obtained, 
Aq'p' _ "o gq B'(em) ^-(Eq-Eq,)/kTf (^5) 
Aqp nQ' gq1 v* B(em) 
where n^/n^' Is the ratio of the number density of free atoms 
In the ground state at the two solution concentrations, Cg 
and Cg', which have been found appropriate to yield inte­
grated line radiances, B(em) and B'(em), without appreciable 
self-absorption. Thus, only values of T^, n^/nQ* and 
B'(em)/B(ôin) are needed to obtain relative atomic transition 
probabilities. 
The flame temperature can be obtained by means of the 
reversal technique. Since curves of growth with slope = 1 
regions have been determined at all values of the solution 
concentrations employed, the degree of atomization is constant 
in this concentration range and the number density of free 
atoms in the flame is proportional to the solution concentra­
tion. Thus, the value of ng/n^' is given by the ratio of the 
solution concentrations Cg/cg*. For isothermal non-homogene-
ous flames the value of n~/n^' is required (see Equation 9 ) .  
but this ratio is also equal to Cg/og*. The measurement of 
B*(em)/B(em) requires a spectral calibration of the spec. 
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trometer, as explained previously, and from Equations 32 and 
33t this ratio of spectral line radiances is given by 
Blieai . e ir 
B(-) ' 
Introducing these considerations into Equation 35» the 
following result is obtained for the transition probability 
ratio 
liip:. ^ 
^qp =/ «q' I?:::.), i?-? o?, 
If the expression for the blackbody spectral radiance, 
approximated by Wlen's law, 
^ 
Is Introduced in Equation 37» the final result Is 
A . . _ _meas _meas' -(Ea-Eoi) 
q. P _ ^s ^q. (cont) ^(em) Av' ^ —k¥f — 
\p °s' Sq' ^ laçant) ^Tem! 
(38) 
+ ( E g - B p )  - ( E q I - E p I )  
. kTb « kTb' 
where hv^ and hv^' have been substituted by (Eq-Ep) and 
<E,.-E .). 
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A total of 43 Iron lines were selected for this study 
based on criteria mentioned In the previous section. The 
experimental facilities and operating conditions were also 
the same as described previously, with the exception that the 
burner port was not water cooled. 
Three independent relative transition probability deter­
minations were performed by using three different calibrated 
tungsten strip lamps and sets of Fe solutions. Each lamp was 
calibrated several times with the optical pyrometer and an 
average value was taken. The single determinations for all 
the lamps did not differ by more than 5°K from the average 
value. 
The Pe 3734.87A line was selected as a reference inten­
sity to assure maximal accuracy in the transition probability 
measurements. Measurements on the relative intensity of this 
line and the others of Interest were alternated. In this way, 
intensity ratios were actually measured and the effect of any 
fluctuations In the system was minimized. These intensity 
ratios were measured at least three times and an average value 
was taken. The reversal temperature determinations were per­
formed on the 3719.94a ground state line. The reversal tem­
peratures did not show any variation, within the experimental 
error of 10®K, with time. 
The iron temperature field in the flame measured by each 
one of the lamps was 3084, 3074 emd 3077®K. The average 
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values obtained for the relative transition probabilities by 
means of Equation ]8 are shown In Table 10. The single meas­
urements did not deviate by more than 3/^ from the average 
value, and actually most of them differed by 1% or less. As 
a comparison, relative transition probabilities from a recent 
publication by Corliss and Tech (5^)i whose values are the 
average of the best ones available, are also shown In Table 
10. 
The Importance of the data presented In Table 10 can be 
Illustrated by calculating the temperatures that would be 
obtained for a given spectral source when some of the Fe line 
pairs recommended In the literature for two-line temperature 
measurements are used. Table 11 shows the result of tempera­
ture calculations employing CT transition probabilities when 
the transition probabilities obtained In this work yield a 
temperature of 3000°K. Many similar examples can be given. 
Thus, the determination of accurate relative transition 
probabilities for 43 Fe lines in the 3450-3950A wavelength 
region will increase significantly the accuracy of tempera­
ture measurements in isothermal flames. 
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Table 10. Relative transition probabilities for 43 Pe Unes 
with respect to the 3734.87a line 
Wavelength Energy levels Relative transition probabilities 
(j^) (cn-l) This work [CT] 
3465.86 29733- 888 0.124 0.131 
3475.45 29469- 704 0.0990 0.0987 
3476.40 29733- 978 0.0591 0.0655 
3490.58 29056- 4l6 0.0637 0.0483 
3497.84 29469- 888 0.0295 0.0361 
3565.38 35768-7728 0.435 0.463 
3570.10 35379-7377 0.775 0.722 
3581.20 34844-6928 1.16 0.981 
3608.86 35856-8155 0.905 1.12 
3618.77 35612-7986 0.751 0.858 
3631.46 35257-7728 0.560 0.576 
3647.84 34782-7377 0.331 0.388 
3679.92 27167- 0 0.0153 0.0169 
3687.46 34040-6928 0.0879 0.114 
3705.57 27395- 416 0.0365 0.0341 
3709.25 34329-7377 0.170 0.214 
3719.94 26875- 0 0.181 0.129 
3722.56 27560- 704 0.0556 0.0567 
3727.62 34547-7728 0.237 0.297 
3733.32 27666- 888 0.0692 0.0646 
3734.87 33695-6928 1.00 1.00 
3737.13 27167- 416 0.157 0.104 
3743.36 34692-7986 0.276 0.447 
3748.26 27560- 888 0.0997 0.0790 
3749.49 34040-7377 0.839 0.895 
3758.24 34329-7728 0.691 0.852 
3763.79 34547-7986 0.587 0.747 
3767.19 34692-8155 0.681 0.923 
3795.00 34329-7986 0.123 0.170 
3815.84 38175-11976 1.09 1.61 
3820.43 33096-6928 0.718 0.809 
3824.44 26140- 0 0.0311 0.0272 
3825.88 33507-7377 0.641 0.729 
3834.22 33802-7728 0.471 0.573 
3856.37 26340- 4l6 0.0503 0.0401 
3859.91 25900- 0 0.106 0.0826 
3895.66 26550- 888 0.0994 0.0988 
3899.71 26340- 704 0.0280 0.0259 
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Table 10. (Continued) 
Wavelength Energy levels Relative transition probabilities 
(A) (cm~l) This work [CT] 
3906.48 
3920.26 
3922.91 
3927.92 
3930.30 
26479- 888 
26479- 978 
25900- 416 
26340- 888 
26140- 704 
0.00897 
0.0276 
0.0117 
0.0263 
0.0206 
0.0108 
0.0296 
0.0108 
0.0267 
0.0187 
Table 11. Two-line temperature calculations 
o 
Line pairs (A) Temperatures obtained with transi­
tion probabilities by 
CT This work 
3734.87-3737.13 (59) 2651 
3834.22-3895.66 (18) 2835 
3497.84-3570.10 (18) 3319 
3000 
3000 
3000 
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X. APPENDIX A 
The expression for the "slope temperature" Is derived 
as follows; 
1 5 Bq 
kTslopeCE.) ^(E.) 
akT(Eq) 
kT(Eo) - ( —) E, 
E q . ^ 
) ; (A-l) 
but 
-Eq/kT(Eq) J^dx n^(x) e 
e = ' — 
.j6 
J dx n^(x) 
o 
and 
E 
kr ~ 
-e.at(x) 
_ , JpA: "o(=) = 
r-e 
J dx n^Cx) 
o 
so 
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B(kT(g j) 
pjt -E^/kT(x) 1 -Eq/kT(x) 
J dx n (x) e J dx n (x) .e 
ln(-2 o ) + E„ (-2 ^ 21SZ1 
f * r , . -E„/KT(x) 
Jo^x n^Cx) J^dx n^r .(X) e q' 
^ -E„/kT(x) 
2 /
K 
dx n (x) e 
[ln( -2 o )] 
J _ d x  n  o- -o(^> 
If this expression is substituted in Equation (Â-1) and the 
result simplified, then 
i ^ -E„/lcT(x) 
(x)Tvrr ® r / I 1 
"slope r,. 
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XI. APPENDIX B 
In this appendix the result of an emission measurement 
using an exit silt larger than the entrance slit Is derived. 
The derivation follows closely Penner's for related cases (y). 
The silt function of the spectrometer entrance silt 
where the Instrument shows some response to the frequency V 
when the exit silt Is set at v will be called g( 
The silt function vanishes for v'-v > Av*. We will con­
sider the spectral region between and ^2 (^1 ^  ^2^ which 
contains a single spectral line. The frequencies and v g 
are selected in such a way that the spectral absorptivity 
—Kf v) X 
a^(v) of the line, which is defined as a^(v) = (1-e ) 
(see Equation 6), vanishes at v < + Av* and for v > Vg 
- Av*. Then, the image of the entrance slit will be de­
scribed by 
This function will vanish at v > Vg and "v < If the exit 
slit is longer than the image of the entrance slit, then the 
signal detected will be given by 
where Vg* > and The blackbody spectral radiance 
pV+AV* b1 I 
J [B (V.Tf) a (v«)J g( V-v ) dv 
v-Av* 
V-* .vtAv* 
CB^,(v',Tf)a^,(v»)]g(|vt-v|)dv» dv 
81^ 
is essentially constant In the frequency range considered, so 
where Is the frequency at the center 
of the line. If the change of variables t = v*-v is Intro­
duced and the order of integration is changed, then 
I?::; = 
pVg- r+.n 
o'Tf) 
v , * 
(v+T) g( j t| ) dT dv 
or 
I?::) = 
p+Av* 
s(|t|) / N,*+T a^(^)dv 
v,*+t 
dT 
However, since jf| < av*, the stated requirements for a^(v) 
Imply that 
V ,  v„* +T 
I, _ av(^) dv =J av(v)dv = a 
^1* +T V 
Then, 
1%) - Bv(Vo.Tf) oJ ^g( |T ! )dT  =  B®(v^ ,T j . )a  a (B-1) 
Av* 
* 
-AV 
where G stands for the Integral of the silt function. 
To determine the value of G, light from a calibrated 
tungsten lamp is focused on the entrance slit of the spec­
trometer. The signal detected is now given by 
^meas ^ j J [b^ (v«,T^)] g( jv'-vj ) dv' dv 
(cont) v^* v-Av* 
Following the same arguments as before, 
Therefore, 
'ZL) = (B-2) 
<v-v> 
or 
iS = G(v) = Bv(^o-Tf) = C(v) B(em) 
0(v) ; 
' > (V2*-V) B5(V^.T^) 
To determine the value of ( "^2*-^1*) * I.e. the bandpass 
of the instrument, a spectral line is scanned and the area 
under the curve is divided by the peak intensity. The peak 
intensity Is given by Equation B-1 and the area under the 
curve is given by (7), 
Area = Bv('*^Q.Tf) a G* 
where G* stands for the integral of the slit function of the 
entrance and exit slits. Then, 
86 
Area ®v a G * Q i 
B^^Cv^.Tf.) a G G 
Now, If a continuum source were focused on the silt, the 
signal produced can be written as (see Equation B-2), 
or (7) 
therefore, 
and 
:%t) = (V-V) = 
(V-V) 
Af** - <V-V> 
Peak 
